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In this work we investigate the usefulness of nuSTORM as a probe of two new-
physics scenarios which are sterile neutrinos and non-unitarity of the neutrino mixing
matrix. For the sterile neutrino we show the importance of the neutral current
events when combined with the charged current events to constrain the effective
mixing angle, θµµ, and the sterile mixing angles θ14 and θ24. We also study the
role nuSTORM will play in the study of neutrino oscillation physics if the three
generation neutrino mixing matrix is non-unitary. In this context we elucidate the
role of nuSTORM, considering both charged current and neutral current events, in
constraining the various non-unitarity parameters such as α11, |α21| and α22.
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I. INTRODUCTION
Neutrino oscillation experiments have conclusively established the paradigm of the three-
flavour neutrino oscillations and oscillation parameters are being determined with increasing
precision. The three parameters that are yet to be determined are the mass hierarchy, the
octant of the atmospheric mixing angle, θ23, and the leptonic CP phase, δCP . There are some
indications of the value of these parameters from the current data. Future planned/proposed
high statistics experiments are expected to clinch these issues. With the determination of the
three-neutrino mixing parameters already on the horizon, efforts have been made to explore
new physics beyond the Standard Model in these experiments. New physics scenarios that
have garnered considerable interest in the community include light sterile neutrinos, non-
unitarity of the neutrino mixing matrix, non-standard interactions of the neutrinos etc.
The existence of light sterile neutrinos was postulated to explain the LSND results [1, 2].
LSND reported signals of νµ − νe oscillations with mass-squared difference of the order of
eV2. This was supported by MiniBooNE [3, 4] and also by the gallium and reactor anomalies
[5–7]. In order to accommodate the eV2 oscillation scale the simplest possibility is to add
a sterile neutrino to the Standard Model. There are two possible ways this can be done.
(i) The 2+2 scenario in which the oscillation to sterile neutrino constitute the dominant
solution either to solar or atmospheric neutrino anomaly and disfavoured from current data
[8]. (ii) The 3+1 or 1+3 picture in which the sterile neutrino is separated by an eV2 mass
difference from the 3 active states [9]. 3+1 (1+3) corresponds to the 3 active states to
be lighter (heavier). Cosmological constraints on sum of neutrino masses pose a serious
challenge in accommodating an eV scale sterile neutrino scenario. To address these, secret
neutrino interactions [10] or lower reheating temperature [11–13] which can is the 1+3 picture
is more disfavoured from cosmology since there are three heavier states. The 3+1 picture
can provide an acceptable fit to the data [14, 15] albeit the tension between disappearance
and appearance data.
There are several new experiments planned to test the sterile neutrino hypothesis[16–
23]. It was realized recently that beam-based long-baseline experiments can also probe the
parameter space of the sterile neutrino models and several studies have been carried out in
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this direction considering the current as well as proposed experiments. Future experiments
such as DUNE[24] or T2HK[25] are high statistics experiments and therefore the systematics
are expected to play a crucial role, one of the major sources of systematic uncertainty are the
neutrino-nucleus interaction cross-sections. Neutrinos from Stored Muons (nuSTORM)[21,
22] is a facility proposed for the measurement of neutrino-nucleus cross-sections with percent-
level precision. The high precision can be achieved because the stored-muon beam will allow
the determination of neutrino flux with high accuracy. It has been shown that nuSTORM has
excellent capability to search for the existence of light sterile neutrinos of the type postulated
to explain the LSND and MiniBooNE results [1–4].
Beyond the Standard Model (BSM) physics descriptions have become essential in describ-
ing the non-zero neutrino mass after the discovery of neutrino oscillations. Non-zero neutrino
masses can be generated by the “see-saw” mechanism through an effective lepton number
violating dimension-five operator of the form LLφφ which can be derived from physics be-
yond the Standard Model [26, 27]. Such BSM physics can also lead to non-unitarity of
the neutrino mixing matrix[28–36]. The unitarity of the PMNS matrix can be tested in
accelerator-based neutrino oscillation experiments. Several studies have been performed to
understand the implications of non-unitarity in present and future long baseline experiments
[37–40]. In this context nuSTORM also holds promise for the study of the non-unitarity of
the PMNS matrix and the constraint of the parameters which generate non-unitarity in the
PMNS sector.
The neutrino beam in nuSTORM originates from the muon decay process: µ+ → e+νeνµ
with 50% νe and 50% νµ which can give e
− and µ+ at the detectors in absence of oscillation
or any other new physics. If however there are flavour-changing processes then one can get
wrong sign leptons which can constitute smoking-gun signals of new physics. A detector
with charge identification capability is therefore ideal.
The sterile neutrino analysis performed in [41] considered a magnetized iron-calorimeter
detector with a superior efficiency to identify the charge of the muons. This gives the
detector the ability to record the µ− events originating from Pνeνµ oscillations along with
the µ+ coming from the Pνµνµ channel. In this analysis only the charged current events were
considered. However, there are also a large number of neutral current (NC) events. In a three-
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flavour-mixing paradigm, given the flavour universality of the neutral current interactions
and Pµe+Pµµ+Pµτ = 1, NC events are not sensitive to the oscillation parameters. However,
in the presence of new physics this may not be the case. For instance, for oscillations of
muon neutrinos to a sterile neutrino, the rate of neutral-current events will be multiplied by
(1 − Pµs). The usefulness of NC events for sterile neutrino searches in the context of beam
experiments has been studied in [42–45].
In this article we present the capabilities of nuSTORM in some sterile neutrino searches
as well as the search for non-unitarity of the neutrino mixing matrix. In section:II we discuss
the nuSTORM proposal and the simulation of the facility. We discuss the results obtained
in our study in section:III, where subsection:III A focuses on the study of sterile neutrinos at
nuSTORM, while the consideration of the non-unitary of the neutrino mixing is presented
in subsection:III B. Conclusions are presented in section:IV.
II. DETAILS OF SIMULATION
We follow the configuration and detector simulations from [21, 22, 46]. The unoscillated
flux was taken from [21]. The simulation has been performed unsing the General Long
Baseline Experiment Simulator (GLoBES) packege[47, 48]. The flux is based on the decay
µ+ → e+ + νe + ν¯µ. The neutrino beam is generated with 50 GeV protons with 2 × 1021
protons on target over the duration of 10 years. Pions of 5 GeV are injected into the muon
storage ring. Muons with energy of the order 3.8 GeV subsequently decay to give νe and ν¯µ.
The νe flux peaks at 2.5 GeV whereas the ν¯µ flux peaks at 3 GeV. nuSTORM is simulated
as described in [21, 22] .
In our simulation we consider a far detector at a distance of 2 km from the source unless
otherwise mentioned. A 1.3 kt magnetized iron-scintillator calorimeter has been selected as
the detector for short-baseline oscillation physics at nuSTORM as it has excellent charge
selection and detection characteristics for muons. Therefore, the important channels for
this experiment are νe → νµ appearance channel and ν¯µ → ν¯µ disappearance channel. The
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FIG. 1: The unoscillated νe and ν¯µ flux extracted from the storage ring. The flux is evaluated for
(3.8± 0.38) GeV/c muon decay at a distance of 2 km[21].
number of events in the ith energy bin are calculated as
niα =
N
L2
∫ Ei+ ∆Ei2
Ei−∆Ei2
dE ′
∫ ∞
0
ε(E)φβ(E)Pαβ(E)σα(E)R
c(E,E ′)εc(E ′)dE (1)
where, E denotes the true neutrino energy and E ′ denotes the measured neutrino energy.
Rc(E,E ′) denotes the smearing matrix, which relates the true and the measured energy.
This includes both kinematic smearing and the smearing due to energy reconstruction. This
is often taken as a Gaussian. Migration matrices that give the probability for a neutrino
generated in the ith energy bin to be reconstructed in the jth energy bin, if available from
detector simulations, can also be used. εc(E ′) denotes the post-smearing efficiency which
contains, for instance, the information on energy cuts used. ε(E) denotes the pre-smearing
efficiency.
In our analysis we have taken the energy resolution as a Gaussian . With Rc (E,E ′) =
1
σ(E)
√
2pi
e
− (E−E
′)2
2σ2(E) and σ(E) = 0.15E. The energy cuts are incorporated as “post smearing
efficiencies” as follows:
c (E ′) = 0 ; 0 < E ′ < 1 (2)
c (E ′) = 1 ; E ′ > 1 (3)
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The event rates at the detector(multiplied by the efficiencies) and the corresponding pre-
smearing efficiencies are given in table I and the unoscillated flux is given in fig.1.
Channel Nevents Efficiency at the detector
νe → νµ CC 61 0.18
νe → νe CC 39865 0.18
ν¯µ → ν¯µ NC 8630 0.18
ν¯µ → ν¯µ CC 114983 0.94
νe → νe NC 13605 0.18
TABLE I: The events observed at the detector, this is equal to the expected number of events at the
detector multiplied by their efficiencies according to [21, 22].
The impact of the neutral current events is evaluated using a χ2 which is defined as
χ2tot = min
ξ,ω
{
∑
r
(χ2stat(ω, ξ) + χ
2
pull(ξ))r}. (4)
r denotes the “rules” and the statistical χ2 is χ2stat, systematic uncertainties are incorporated
by χ2pull calculated by the method of pulls with pull variables ξ. The significance over
each rule is calculated separately and the total χ2 is calculated by summation over all the
various rules. Each “rule” signifies a different channel . The total χ2 is marginalized over
the oscillation parameters. The relevant oscillation parameters are represented by ω. The
statistical χ2stat is calculated assuming Poisson distribution,
χ2stat =
∑
i
2
(
N testi −N truei −N truei log
N testi
N truei
)
. (5)
Here, ‘i’ stands for the number of bins and N testi , N
true
i stands for total number of test and
true events respectively. To include the effects of systematics in N testi , the normalization and
energy calibration errors are parametrized using the “pull” and “tilt” variables respectively.
These are incorporated as follows:
N
(k)test
i (ω, ξ) =
∑
k=s,b
N
(k)
i (ω)[1 + c
(k)norm
i ξ
(k)norm + c
(k)tilt
i ξ
(k)tilt Ei − E¯
Emax − Emin ] , (6)
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where k = s(b) represent the signal (background) events. The effect of the pull vari-
able ξnorm(ξtilt) on the number of events is denoted by cnormi (ci
tilt). The bin-by-bin mean
reconstructed energy is represented by Ei where i represents the bin. Emin, Emax and
E¯ = (Emax + Emin)/2 are the minimum energy, maximum energy and the mean energy over
this range.
The signal(background) normalization uncertainty for the appearance channel is taken as
1%(10%) [21, 22] while for νµ¯ channel they are kept at 5%(10%). For NC the signal and
background errors are taken to be 5% and 10% respectively. A background rejection factor
of 10−3 is used for the disappearance channel while 10−5 is used for appearance channel
[21, 22]. For NC events we use a background rejection factor of 10−4. We have checked that
the χ2 does not depend significantly on the background rejection factor for the NC analysis.
The unoscillated events observed at the detector have been shown in the fig.2.
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FIG. 2: The figure shows the distribution of events observed in acsence of oscillation. A bin with bin width
of 0.3 GeV. The left plot shows the appearance events while the right is for the disappearance events.
Data is generated assuming the standard three-neutrino oscillations scenario as the null
hypothesis and the new physics scenario under study is used as the alternative hypothesis.
Schematically the number of events in the different channels can be written as
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Oscillation parameters Value considered to simulate nuSTORM
sin2 θ13 0.022
sin2 θ12 0.31
sin2 θ23 0.558
∆m221 (eV
2) 7.39× 10−5
|∆m231| (eV2) 2.52× 10−3
δ 0◦
sin2 θ14 0.025
sin2 θ24 0.0.023
∆m241 (eV
2) 0.89
TABLE II: The values of the 3 neutrino oscillation parameters [49, 50] and the representative values for
3+1 neutrino mixing [14] used in the present analysis.
NCCµ = Φ(νe)PeµσCC (7)
NCCµ¯ = Φ(ν¯µ)Pµ¯µ¯σCC (8)
NNCtotal = Φ(ν¯µ)(1− Pµs)σNC + Φ(νe)(1− Pes)σNC) (9)
III. RESULTS AND DISCUSSIONS
A. Sterile Neutrino
Since we are considering a distance of ∼2 km and E ∼ 3 GeV there can be oscillations
governed by a mass-squared difference of order eV2. Other terms do not contribute since the
oscillation wavelengths are much larger. Thus we have the “One Mass Scale Dominance”
(OMSD) approximation in which the oscillation probabilities can be cast into an effective
two flavor form. For the 3+1 picture, under the OMSD approximation, one has
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Pα,β = 4|Uα4|2|Uβ4|2 sin2
(
∆m241L
4E
)
(10)
and,
Pαα = 1− 4|Uα4|2(1− |Uα4|2) sin2
(
∆m241L
4E
)
(11)
Bounds on individual mixing angles are derived using the parametrization
U = R34R˜24R˜14R23R˜13R12. (12)
Since we are in an effective two-generation approximation, the phases do not appear in the
oscillation probabilities and ignoring them one has,
Ue4 = sin θ14
Uµ4 = cos θ14 sin θ24
Uτ4 = cos θ14 sin θ24
Us4 = cos θ14 cos θ24 cos θ34 (13)
The relevant oscillation probabilities are given as
Peµ = 4 cos
2 θ14 sin
2 θ14 sin
2 θ24 sin
2
(
∆m241L
4E
)
(14)
Pµµ = 1− 4 sin2 θ24 cos2 θ14(1− sin2 θ24 cos2 θ14) sin2
(
∆m241L
4E
)
(15)
Pµs = 4 cos
4 θ14 cos
2 θ24 cos
2 θ34 sin
2 θ24 sin
2
(
∆m241L
4E
)
(16)
Pes = 4 cos
2 θ14 sin
2 θ14 cos
2 θ24 cos
2 θ34 sin
2
(
∆m241L
4E
)
(17)
sin2 2θµe = 4|Ue4|2|Uµ4|2 = 4s214c214s224 (18)
sin2 2θµµ = 4|Uµ4|2(1− |Uµ4|2) = 4c214s224(1− c214s224) (19)
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FIG. 3: The testable regions for sterile neutrinos as predicted by nuSTORM in terms of ∆m241 vs sin
2 θµe
for the left plots and ∆m241 vs sin
2 θµµ for the right. The first row indicates the sensitivities or baseline of 2
km while the second row for 3.5 km. Each plot consists of 3 contours of 99% confidence level significance
exclusion regions for various channels as labeled in the plots.
Figure 3 shows the bounds on ∆m241 with respect to the effective mixing angles θµe and
θµµ for baselines of 2 km and 3.5 km. The oscillation amplitudes satisfy: Peµ ∝ s214s224;
Pµµ ∝ 1 − s224; and Pes + Pµs ∝ s214 + s224 (see eq.14 - 17). Therefore, in the case of
the appearance channel, Peµ can constrain the effective mixing angle sin
2 2θµe which is a
product of s214s
2
24 while the neutral-current channel cannot constrain the product of s
2
14s
2
24
and hence cannot efficiently constrain sin2 2θµe. The disappearance channel effectively probes
the parameter θµµ in terms of the parameter s
2
24, also the neutral current channel probes
s214 + s
2
24, hence, the neutral current channel can significantly constrain the parameter θµµ.
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The 2 km baseline was chosen for comparison to the results presented in [51]. The choice
of the 3.5 km baseline was motivated by the fact that this places the detector at oscillation
maxima for ∆m241 ∼ 1eV2. If we study the bottom panel of the fig.3 we observe that
the best sensitivities for both θµe and θµµ are observed around ∆m
2
41 ∼ 1eV2, which is
expected. Proceeding to the top panel of the fig.3 we find that the most sensitive region has
shifted to ∆m241 ∼ 1.2eV2, this is expected because ∆m241L ≈ 3.7eV2km. However, the
overall sensitivity is better for the lower baseline of 2 km as the lower baseline has a lower
statistical uncertainty because of a higher flux at the detector.
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FIG. 4: The testable regions for sterile neutrinos at nuSTORM for ∆m241 = 1ev
2 and baseline of 2 km in
terms of θ14, θ24 and θ34 bounds. The first, second and third plots present the θ14(test) vs θ24(test),
θ14(test) vs θ34(test) and θ24(test) vs θ34(test) contours respectively. Each plot consists of 5 contours of
99% confidence level significance exclusion regions for various channels as labeled in the plots.
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Figure 4 presents the predicted θ14, θ24 and θ34 bounds expected from nuSTORM. The
first plot from fig.4 shows the θ14 versus θ24 exclusion region considering the data generated
from 3 flavour oscillation with parameters as given in tab:I, but setting the fourth generation
parameters to zero. The solid orange line shows the θ14 versus θ24 exclusion region predicted
from the appearance channel, the relevant probability for this channel is Peµ given by the
expression in eq:14. As, the allowed regions for θ14, θ24 are small hence the expression for
Peµ at constant energy and baseline is roughly ∝ θ214θ224 which explains the hyperbolic nature
of the charged current appearance plot. The disappearance probability Pµ¯µ¯ approximately
reduces to 1 − 4θ224, which is independent of θ14, so θ14 remains unaffected by the disap-
pearance channel. Another important channel which can be probed is the neutral-current
channel. The total contribution to the neutral-current channel comes from Pµs+Pes because
neutral-current events from neutrino and antineutrino cannot be differentiated by the detec-
tor. The total neutral-current probability approximately reduces to Pµs + Pes ∝ θ214 + θ224,
which describes the approximate elliptical nature of the neutral current channel given by
red dashed lines in the fig:4. The total CC event curve(blue dashed curve) is the total con-
tribution of appearance CC and disappearance CC. While the green dotted curve presents
the contribution of all the above channels i.e. the total CC and NC event samples. It is
clear from the figure that the inclusion of NC events can put stringent bounds on both θ14
and θ24. We can conclude from this study that nuSTORM will be able to test θ14, θ24 up
to 6◦ and 7.5◦ respectively. Comparing the results obtained with the expected sensitivity of
DUNE [52] it was found that neutral current events from DUNE can resolve θ14 up to 10
◦
and θ24 upto 15
◦ with 5% systematics for ∆m241 = 0.5eV
2.
The second and third plots in the figure show the ability of nuSTORM to constrain θ14
and θ24 with respect to θ34. Taking all the channels into account both θ14 and θ24 can
be approximately constrained up to 4◦ at nuSTORM. In both the plots it is clear that
the charged current interactions are independent of θ34 which is also understood from the
expressions for Peµ and Pµ¯µ¯. The only dependence on θ34 can come from the neutral current
channel. However, Peµ +Pµ¯µ¯ ∝ cos2 θ34, as a result of which there is weak dependence of θ34
on the neutral current events hence θ34 cannot be constrained by neutral current events in
nuSTORM.
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FIG. 5: The testable regions for sterile neutrinos at nuSTORM in terms of θ14 vs θ24 bounds. The first
plot presents the θ14(test) vs θ24(test) for ∆m
2
41 = 1eV
2,the second plot for ∆m241 = 3.5eV
2 and the third
plot for ∆m241 = 10eV
2. Each plot consists of 3 contours of 99% confidence level significance exclusion
regions for various baselines as labeled in the plots.
The left plot in fig:5 shows the effect of varying the baseline of nuSTORM on the bounds
in the θ14, θ24 plane for ∆m
2
41 = 1eV
2. The best sensitivity of an experiment is observed at
the oscillation maxima. The first oscillation maximum is given by 1.27∆m241L/E = pi/2. As
the mean energy of the experiment is ∼ 3 GeV, ∆m241L ≈ 3.7eV2 km. It is evident from the
relation that probing a larger ∆m241 requires a smaller baseline(L) and vice versa. Analyzing
the red curves in the fig:5, which show result for a the baseline of 100 m, we observe that
as ∆m241 is increased the sensitivity also increases. Similarly, if we observe the green curves
representing a 1 km baseline, we observe that the best sensitivity is obtained for the case
∆m241 = 3.5 eV
2 which is expected from the above relation. Deviation from ∆m241 = 3.5eV
2,
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on either side compromises the sensitivity. The blue curves demonstrate the sensitivities
of the 2 km baseline for nuSTORM. The ∆m241 ≈ 1.8eV2 km is expected to have the best
sensitivity for the 2 km baseline. As we increase the ∆m241 gradually the sensitivity decreases
with increasing ∆m241. We observe that the 1 km baseline has good sensitivity for both θ14
and θ24 consistently over the range of ∆m
2
41.
B. Non-Unitarity
In presence of non unitarity, the time evolution of the mass eigenstate in vacuum is:
i
d | νi〉
dt
= H | νi〉, (20)
where H is the Hamiltonian in the mass basis. After time t(≡L), the flavour state can be
written as
|να(t)〉 = N∗αi|νi(t)〉 = N∗αi(e−iHt)ij|νj(t = 0)〉. (21)
In this framework the mixing matrix N can be parametrized as:
N = NNPU =

α11 0 0
α21 α22 0
α31 α32 α33
U ; (22)
where U is the PMNS matrix, NNP is the left triangle matrix which parametrizes the non
unitarity. In the matrix NNP the diagonal elements are real and the off diagonal elements
can be complex.
The above discussions leads us to the transition probability:
P (να → νβ) = |〈νβ|να(t)〉|2 = |N∗αidiag(e−i∆m
2
i1t/2E)ijNβj|2 (23)
Using the above parametrization the transition probabilities Pµe and Pµµ can be written:
Peµ = α
2
11|α21|2 − 4
3∑
j>i
Re
[
N∗µjNejNµiN
∗
ei
]
sin2
(
∆m2jiL
4E
)
+ 2
3∑
j>i
Im
[
N∗µjNejNµiN
∗
ei
]
sin
(
∆m2jiL
2E
)
. (24)
14
Pµµ = (|α21|2 + α222)2 − 4
3∑
j>i
|Nµj|2|Nµi|2 sin2
(
∆m2ji
4E
L
)
. (25)
For nuSTORM, with a baseline of 2 km, the transition probabilities become independent of
the baseline length because ∆m
2L
E
 1. Therefore, the relevant transition probabilities are:
Peµ = α
2
11|α21|2, and (26)
Pµµ = (|α21|2 + α222)2 (27)
Along with the charged current events, neutral-current events can also be helpful in study-
ing the non-unitarity of the mixing matrix. The important probabilities for the inclusion of
the neutral current events are
Pes = 1− (α211(α211 + |α21|2 + |α31|2)); and (28)
Pµs = 1− (α211|α21|2 + α422 + 2α222|α21|2 + α222|α32|2) (29)
The detector cannot distinguish the various kinds of neutral current events, so we can probe
the total neutral current probability:
Pes + Pµs = 2− (α211(α211 + 2|α21|2 + |α31|2) + α222(α222 + 2|α21|2 + |α32|2)). (30)
The capability of nuSTORM to probe the non unitarity parameters α11, |α21| and α22 are
shown in Fig.6. Each plot presents 3 cases for 3 different baselines: 100 m; 1 km; and 2 km,
plotted with magenta, green and blue curves respectively. The first plot in fig.6 presents the
sensitivity of nuSTORM to the parameter α11, with the diagonal parameters α22 = α33 = 1.0
and the off-diagonal parameters |α21|,|α31| and |α32| fixed at 0.01.Unitarity requires that the
parameters be set to zero. However, the value of -.01 has been drawn so that a contribution
from the νe → νµ channel remains. Beginning with the first case, which shows the χ2 as a
function of α11, under the condition that the parameters |α21| = 0.1 and α22 = 1.0. The true
data have been generated keeping α11 fixed at unity while the test data have been generated
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FIG. 6: The figure shows the sensitivity to nuSTORM for the non unitarity parameters α11, |α21| and α22.
The y-axis in the plots represent χ2, while the x-axis denotes α11, |α21| and α22 for plots respectively. In
each plot the dashed lines are for the contribution of only charge current interactions while the solid lines
are for the combination of charge current and neutral current. The magenta, green and blue curves
represent the sensitivities at the baseline of 100 m, 1 km and 2 km respectively.
by varying α11 between 0.9 and 1.0 while keeping all other parameters fixed. The relevant
channel to study the α11 sensitivity is the Peµ appearance channel because the probability
Pµ¯µ¯ is independent of α11. Under the above conditions Peµ ∼ 0.01α211, therefore, the
sensitivity plot has a quadratic dependence on α11. From the expression it is clear that Peµ
is independent of the baseline so a change in sensitivity to α11 by varying the baseline is
due to the change in the flux which occurs due to the change in the baseline. Hence, we
observe that the sensitivity increases as the baseline is reduced. 3σ sensitivity for α11 is
achieved for α11 = 0.93 for a 2 km baseline, which increases to 0.96 for the 1 km baseline
and the best result is achieved for the 100 m baseline where the same sensitivity is achieved
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for α11 = 0.99. If neutral current events are also combined the charged current events a
substantial improvement in the sensitivity is observed. 3σ sensitivity for α11 = 0.995 when
CC and NC both are taken into consideration. Similar studies have been performed at DUNE
and T2HK [40] where the 3σ sensitivity for α11 ≈ 0.94 for DUNE and α11 ≈ 0.96 for T2HK.
Therefore, we can see that nuSTORM with 2 km baseline has sensitivity similar to DUNE
and with baseline 1 km has similar sensitivity to T2HK when the baseline is decreased further
the sensitivity increases further exceeding the sensitivities attained by DUNE or T2HK.
The second plot in the Fig.6 shows the χ2 vs |α21| sensitivity with both the non-unitarity
parameters α11 and α22 taken to be unity. Under such conditions Peµ just reduces to |α21|2
and Pµ¯µ¯ becomes (1 + |α21|2)2 which can be approximated to be ∼ 1 + 2|α21|2. Unlike the
case discussed above, where only the appearance channel contributes, both the appearance
and the disappearance channel contribute to the sensitivity to |α21|. Since both the channels
depend on |α21|2 we get a quadratic dependence of the χ2 on |α21|. In this case the true
data have been generated at α11 = α22 = α33 = 1.0, |α21| = |α31| = |α32| = 0 and α22 = 1.0,
the test data have been generated with |α21| varying in the range 0.0 to 0.01. In this
case also we find that the sensitivity is dependent on the baseline for the same reason as
discussed previously. The |α21| sensitivity reaches 3σ for |α21| = 0.011 at the 2 km baseline,
|α21| = 0.006 at the baseline 1 km, and |α21| = 0.003 at the baseline 100 m. Neutral current
events do not contribute to the |α21| sensitivity, this is because PNC ≈ 2− (α211 +α222)(α211 +
2|α21|2 + |α31|2) where (α211 + 2|α21|2 + |α31|2) ≈ 1 as a result the NC channel cannot probe
|α21| independently. Comparing the sensitivities with DUNE and T2HK [40] we observe
that nuSTORM can reach 3σ sensitivity for |α21| for an order of magnitude smaller values
of |α21|. nuSTORM has a significant advantage over DUNE and T2HK which can reach 3σ
sensitivities for |α21| = 0.08 and 0.04 respectively.
The third figure presents the sensitivity to the parameter α22. Peµ is independent of α22
but Pµ¯µ¯ is sensitive to α22. The true data has been generated by considering unitary evolution
i.e. α11 = 1.0, |α21| = 0 and α22 = 1.0 which reduces Pµ¯µ¯ to α422. The test data have been
generated by taking α11 = 1.0, |α21| = 0 and varying α22 from 0.9 to 1.0. An interesting
feature observed here is the independence of α22 on the baseline. This can be attributed to
the fact that the sensitivity is solely dependent on the disappearance channel which already
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has enough statistics at 2 km, hence reducing the baseline does not help. The introduction of
neutral current events is expected to increase the α22 sensitivity because of the dependence
of PNC on α
2
22. However, no improvement is observed because the introduction of the channel
increases the statistics but it already had enough statistics from the disappearance channel
itself. The 3σ sensitivity is reached at α22 = 0.97 for all baselines. Again from [40], the
3σ sensitivities for DUNE and T2HK for α22 can be attained for α22 ≈ 0.98 for both the
experiments.
IV. CONCLUSIONS
In this work we have investigated the capabilities of nuSTORM to explore two new
physics scenarios – (i) the existence of eV2 scale oscillation, suggested as an explanation
of LSND/MiniBOONE anomalies and (ii) non-unitarity of the neutrino mixing matrix. nuS-
TORM is proposed primarily to measure the νe N and νµ N cross sections. It was shown
in [21, 22] that nuSTORM can also play in important role to study active-sterile oscillations
governed by an eV2 mass squared difference. In this work, we have studied the effect of
including neutral current events and checked whether this can give improved sensitivity to
sterile-neutrino searches. nuSTORM will have the capability to study two main channels, the
conversion probability Pµe and survival probability Pµ¯µ¯ with the proposed MIND detector.
Whereas, for oscillations involving active neutrinos the NC events are not sensitive to oscil-
lation parameters, for oscillations involving the sterile neutrinos, the neutral current events
are also sensitive to the oscillation parameters through the probabilities involving conversion
to sterile neutrinos Pµs and Pes. Considering a 2 km baseline it is observed that taking only
CC interactions can constrain the mixing angle θ24 . 7.5◦, which is better than what can
be achieved with CC interactions only. For non-zero values of θ24, the constraint on θ14 also
improves with inclusion of NC events. Since, nuSTORM is a proposed experiment, baseline
optimization is important to maximize physics output. When we consider various baselines
we find that the baseline of 1 km gives a good overall sensitivity for both θ14 and θ24 over a
wide range of ∆m241.
For the other new-physics scenario, non-unitarity of the lepton mixing matrix, studied in
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this work, we find that nuSTORM can probe the non-unitarity parameters α11, |α21| and
α22. 3σ sensitivities for α11, |α21| and α22 are obtained at 0.995, 0.011 and 0.97 respectively
for 2 km baselines combining both CC and NC events. The sensitivities for α11 and |α21|
significantly improves as the baseline is reduced.
In conclusion, we find that apart from measuring neutrino cross-sections with per mil pre-
cision, nuSTORM can also contribute significantly by probing new physics scenarios beyond
Standard Model .
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